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Perceived Stress is associated with Accelerated Monocyte/
Macrophage Aging Trajectories in Clinically Normal Adults

Kaitlin B. Casaletto, Ph.D., Adam M. Staffaroni, Ph.D., Fanny Elahi, M.D., Ph.D., Emily Fox,
B.A., Persephone A. Crittenden, M.S., Michelle You, B.S., John Neuhaus, Ph.D., Maria
Glymour, Ph.D., Brianne M. Bettcher, Ph.D., Kristine Yaffe, M.D., and Joel H. Kramer, Psy.D.
IMemory and Aging Center, Department of Neurology, University of California, 675 Nelson Rising
Lane, San Francisco, CA 94158

2University of Colorado, Denver Anschutz Medical Center, 13001 E 17! FI, Aurora, CO 80045

Abstract

Objectives—Chronic stress is associated with poorer age-related cognition, but the mechanisms

of this relationship are not well understood. Aging increases expression of activated macrophages,
leading to exacerbated immune responses to stressors. We examined the impact of stress and aging
on macrophage-related inflammation and cognition in clinically normal adults.

Methods—380 clinically normal adults were followed longitudinally (age M=73y; visit range 1—
8, M=2.5 visits). Participants completed the Perceived Stress Scale, a neuropsychological battery,
and blood draws. Plasma was analyzed for cytokines related to macrophage function: IL-6, TNF-
a, MIP1-a, MIP1-B. Linear mixed-effects examined the effects of age, baseline stress, and their
interaction predicting macrophage cytokines, adjusting for sex, education, and depressive
symptoms. Latent growth curve models assessed the mediating role of macrophage cytokines on
the relationship between age and cognition in high or low stress.

Results—Baseline perceived stress interacted with age to predict macrophage cytokines
longitudinally. Specifically, high stress adults demonstrated accelerated age-related elevations in
macrophage cytokines across time. Macrophage cytokines negatively tracked with executive
functioning longitudinally. Macrophage cytokines mediated 19% of the relationship between age
and executive functions in high, but not low stress adults.

Conclusions—Our data provide evidence of accelerated immune aging among individuals with
high stress. Elevated macrophage cytokine trajectories mediated the effect of age on executive
functions only in individuals with high stress suggesting these constructs may be more tightly
linked in elevated stress contexts. Stress interventions are warranted to optimize the immune aging
with possible downstream cognitive benefits even among clinically normal adults.
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INTRODUCTION

Chronic stress is associated with poorer brain health and less successful cognitive aging2.
Peripheral cortisol (a stress hormone indicating elevated stress exposure) and reported stress
levels are consistently associated with worse cognitive performances, and smaller
hippocampal and prefrontal cortical volumes among older adults cross-sectionally and
predict steeper rates of cognitive decline longitudinally (e.g., 7- and 20-year study
periods)1°. The Vietnam Era Twin Study of Aging further demonstrated that the robust
deleterious impact of chronic stress (as measured with cortisol) on cognition and cortical
volumes were independent of premorbid or genetic factors, underscoring the importance of
adverse environmental experiences on cognitive aging®. Despite the consistency of this
relationship, the underlying mechanisms of how chronic stress may potentiate cognitive
aging in humans are not well understood.

Interestingly, both repetitive stress exposure and aging independently disrupt
neuroinflammatory pathways, and together, may produce an exaggerated state of chronic
inflammation. In normal aging, a collective state of immunosenescence occurs in which
remodeling of both the adaptive and innate immune systems results in increased
susceptibility to infectious diseases, neoplasms, and other autoimmune conditions’:8.
Importantly, these disrupted immune responses are detrimentally associated with indicators
of neural health (e.g., fMRI connectivity, cortical atrophy, cognitive impairment) and are
causally implicated in the pathological development of neurodegenerative disorders, such as
Alzheimer’s disease®-11. Chronic exposure to both psychological and peripheral physical
stressors trigger immune responses that are associated with disrupted brain functioning?2:13,
Drawing on animal models of CNS functioning, while acute stressors result in brief,
adaptive neuroinflammatory cascades that support learning and memory, recurrent exposure
to stressors results in a prolonged pro-inflammatory neural state that inhibits long-term
potentiation, promotes protein misfolding, and decreases neurotoxin clearance*14. In
clinical studies, negative emotions and stressful life experiences are associated with greater
risk of and prolonged infection, delayed wound healing, and sustained pro-inflammatory
cytokine production®16. For example, adult caregivers demonstrated significantly increased
production of IL-6 than their non-caregiving peers across a six-year period, regardless of
whether they were actively caregiving over the study periodl’. Notably, these relationships
may function in a bidirectional feedback loop such that greater inflammation may also lead
to heightened perceived stress, anxiety, and mood symptoms28. Therefore, in the context of
aging, chronic stressors may represent a “double hit” to an already vulnerable aging immune
system resulting in greater inflammatory dysregulation® and poorer clinical outcomes.

The effects of age-related immunosenescence are postulated to affect immune cells involved
in both innate and secondary pathogen responses, including reduced neutrophil activation,
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fewer antigen-naive and immature lymphocytes, as well as both under- and over-activation
of monocytes?C. Regarding the latter, macrophages have been posited to play a particularly
relevant role in the aging-stress immune response. Macrophages are among the first line of
immune defense mediating toxin and cell debris phagocytosis and signaling downstream
cascades of cytokine and chemokine inflammatory regulating proteins2l. Under normal
conditions, macrophages rest in a quiescent state. However, during stress, disease, or
infection, macrophages undergo morphological changes to become activated, releasing
cytokines and launching a protective inflammatory response22. In aging, there appears to be
a homeostatic shift such that not only the proportion of activated macrophages increases, but
an additional subset of macrophages maintain an intermediate “primed” state”22. In the
“primed” state, macrophages are not appreciably secreting cytokines, but can be more
rapidly induced, demonstrating greater cytokine release upon activation compared to
nonprime macrophages. This disrupted macrophage signaling then has downstream effects
on monocytic dendritic cells, which critically integrate communication between
macrophages and lymphocytes (natural killer cells, and B and T cells) to mediate immune
responses. For example, dendritic cells have demonstrated inappropriate persistence of pro-
inflammatory cytokine production in response to pathogen exposure in older adults2324,
Therefore, exposure to chronic stress in the context of age-related elevations in basal
inflammatory levels may result in exaggerated immune reactivity resulting in a prolonged
“sickness response” (e.g., prolonged inflammation, decreased wound healing) in older
adults.

In the current study, we aimed to determine the longitudinal impact of baseline perceived
stress and aging on cytokine markers associated with monocyte/macrophage activation and
cognition among neurologically normal older adults. We hypothesized that higher baseline
perceived stress would potentiate age-related increases in monocyte/macrophage-related
inflammation and cognitive decline. Identification of the neurobiological pathways by which
stress impacts cognitive aging may be used to enhance intervention targets and therapy
potencies. Given availability of empirically-supported behavioral therapies, stress may be a
modifiable factor to promote successful cognitive aging.

METHODS

Participants

We recruited 380 community-dwelling older adults (baseline ages 55-99 years) followed as
part of a larger, ongoing Healthy Cognitive Aging study at the University of California, San
Francisco Memory and Aging Center. The UCSF Healthy Cognitive Aging study
observationally follows 698 typically aging adults longitudinally with the aim of deeply
characterizing the neurobiological and behavioral phenotypes of cognitive aging (see Figure
1 for attrition rates in current study). Participants complete prospective comprehensive
evaluations at approximately 15-month intervals as part of the study, including
questionnaires (e.g., Perceived Stress Scale), blood draws, and computerized
neuropsychological assessment. Participants who completed the measures of interest (i.e.,
Perceived Stress Scale, cognitive testing, blood draws), were neurologically and
neuropsychologically within normative standards per consensus research criteria?®, had the
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able to independently complete activities of daily living operationalized by a 0 on the
Clinical Dementia Rating scale via interviews with study partners, and had no major
memory concerns or diagnosed memory condition at all study visits were selected for
inclusion in the current analyses. Therefore, these data represent older adults who are
neurologically normal at baseline and each follow-up visit (see Table 1).

Perceived Stress Scale (PSS)

The PSS is a 10-item measure assessing degree of life stress over the past month (e.g., “how
unpredictable, uncontrollable, and overloaded respondents find their lives”)26. Likert-scale
answers range from “never,” (0 points) to “very often” (4 points). Items are summed such
that higher scores indicate greater levels of perceived negative stress. The PSS demonstrates
good internal consistency?” and strong ecological validity predicting health-related
outcomes??:26,

Laboratory measures of macrophage-related cytokines

We selected macrophage inflammatory protein 1-alpha (MIP1-a; CCL3), macrophage
inflammatory protein 1-beta (MIP1-p; CCL4), interleukin-6 (IL-6), and tumor necrosis
factor-alpha (TNF-a) a priori as our pro-inflammatory monocyte/macrophage-related
cytokines of interest. Specifically, MIP1-a and MIP1-B were targeted due to their relatively
more selective role in monocyte/macrophage inflammatory responses; these are chemotactic
cytokines that are largely produced by monocytes (macrophages and dendritic cells), and are
involved in both first-line innate immune activation as well as maintenance of immune
homeostasis?8-30, However, it is important to note that MIP1-a and MIP1-p are not
exclusively produced by monocytes and in fact are additionally secreted by lymphocytes,
endothelium, and fibroblast cells. Additionally, they target a host of different cell types
including but not limited to monocytes, as well as migration of lymphocytes and
granulocytes31:32, |L-6 and TNF-a were theoretically selected because they are both
stimulated by and further potentiate MIP1-a and MIP1-B signaling33:34. Additionally, given
that IL-6 and TNF-a are the primary cytokines that have been reported in the current human
stress-inflammation literature, they were included to be comparable with existing
studies?17. Nonetheless, though importantly involved in monocyte/macrophage-mediated
immune responses, IL-6 and TNF-a are again not entirely specific to this immune pathway
and are pleotropic cytokines produced by and involved in the regulation of a host of cell
types (e.g., endothelial cells, granulocytes, lymphocytes, adipocytes, heptocytes).35-37

Blood draws were completed at every study visit. Following an overnight 12-hour fast, blood
was collected in the morning and centrifuged at 2000x g for 15 minutes at 4°C. The resultant
plasma was transferred to 500uL polypropylene cryovials for long-term storage at —80°C
until analysis. Prior to assay initiation, samples were gradually allowed to come to room
temperature. Plasma measures of IL-6, TNF-a, MIP1-a, and MIP1-B were obtained using
the Human Proinflammatory Panel 1 V-PLEX (IL-6, TNF-a.) and Human Chemokine Panel
1 V-PLEX (MIPla, MIP1B) kits provided by Meso Scale Diagnostics (Rockville, MD,
USA). All assays were conducted according to manufacturer provided protocol. Each
multiplex array was scanned using the Mesoscale QuickPlex SQ 120. Concentrations of
IL-6, TNFa, MIP-a, and MIP1p were quantified using Discovery Workbench v4.0,
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manufacturer provided software, based on sample dilution and relative to the supplied in-
assay standard curve. Lower limit of detectability (LLOD), lower limit of quantification
(LLOQ), and upper limit of quantification (ULOQ) were as follows for each marker (in pg/
mL): IL-6: LLOD=0.01-0.11, LLOQ=1.58, ULOQ=488; TNF-a: LLOD=0.01-0.13,
LLOQ=0.69; ULOQ=248; MIP1-a: LLOD=2.28-4.01, LLOQ=13.8, ULOQ=7.43; and
MIP1-B LLOD 0.22-0.72, LLOQ=2.27, ULOQ=750. Sample measurements with a
coefficient of variance (CV) greater than 20% across plates, or determined to be outliers
with a value higher than three times the upper quartile range were excluded from subsequent
analyses.

To capture a global index of macrophage-related inflammatory state, a composite score was
calculated by converting raw cytokine values to continuous z-scores based on sample
baseline values for each marker. The subsequent MIP1-a,, MIP1-8, TNF-a, and IL-6 z-
scores were then averaged together at each time point for an overall macrophage composite
score.

Neuropsychological Battery

Episodic Memory—To measure verbal memory, we administered the California Verbal
Learning Test-second edition (CVLT-11)38. Participants were asked to recall a 16-item word
list that can be grouped into semantic categories across five learning trials. Participants were
then asked to freely recall the list after an interference trial, and again after a 20-30 minute
delay. Our primary memory outcome on the CVLT-I1 was free recall after 20-30 minutes
(possible range 0-16 words).

Executive Functioning—To assess executive functioning, a composite score was derived
from five computer-based tests of working memory (Dot Counting, 1-Back, 2-Back),
response inhibition (Enclosed Flanker), and set shifting (Set Shifting), and two verbally-
mediated tests of generativity (D-word and Animal fluency). All computerized tasks
included a minimum of 3 practice trials. This battery of executive functioning tasks is
described in detail elsewhere and is a part of the NIH EXAMINER battery3°.

In brief, for Dot Counting, participants were instructed to count and recall the number of
target dots in the order they were presented on a 2—6 series of screens. Visual Z-Back and 2-
Back tasks asked participants to judge if a target square was in the same location as the
preceding square (1-Back) or with the square two before it (2-Back). In Enclosed Flanker,
participants were asked to push the key corresponding only to the direction of a target arrow,
ignoring other distractor arrows. During Set Shifting, participants were asked to match a
sample object to choice objects either by shape or by color. Verbal generativity tasks
included lexical (number of D-words generated in 60”) and semantic (number of animals
generated in 60”) fluencies.

Processing Speed—To assess processing speed, a composite score was derived from 5
computerized tests of reaction timeto visual stimuli (Dots, Lines, Search, Shapes, Abstract
Matching 1, Abstract Matching 2). All tasks included a practice trial period where the
subject had to perform at > 70% accuracy to continue to the test trials, and have been
validated as sensitive behavioral markers of brain aging*C.
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During Dots, participants were instructed to select which of two dots was closest to a target
central dot. Linesrequired participants to indicate which of two parallel lines was longer.
For Search, participants were then asked whether a target was present in an array of shapes.
During Shapes, participants were asked to judge which of the two choice shapes was most
similar to a target shape. For Abstract Matching 1, participants were instructed to select
which of two choice arrays was most similar to the sample array. Abstract Matching 2
mirrored Abstract Matching 1, but added an additional level of complexity (orientation).

Geriatric Depression Scale (GDS)

Given that one of our primary variables of interest was perceived stress, and there is an
important relationship between mood and self-reported scales, we adjusted for depressive
symptoms in all relevant analyses to more directly measure the effects of stress on
inflammation (versus general mood). The GDS is a 30-item self-report screener of
depressive symptoms for older adult populations. Each question is scored 0 or 1 point, with
a total of 0-10 considered normal/minimal, 11-20 moderate, and 21-30 severe depressive
symptoms.

Statistical Analyses

Baseline univariable associations were examined with the primary variables of interest (age,
monocyte/macrophage concentrations, and cognition) utilizing Spearman’s rho correlations
for nonparameteric data.

Next, unstructured mixed-effects linear regression models allowing for individual-specific
intercepts and slopes were conducted to evaluate the relationships between baseline levels of
perceived stress and age (time-varying) on monocyte/macrophage cytokine concentrations
across time. Mixed-effect modeling was selected due to its robust ability to model repeated
time points with varying intervals and visit numbers. Specifically, we specified random
effects for person and time, and fixed effects included baseline perceived stress, age (time-
varying), and their interaction (baseline stress*age), adjusting for sex, education, and
baseline Geriatric Depression Scale (GDS) total score, predicting monocyte/macrophage
cytokine levels across time. In this manner, the stress*age term assessed the effects of
baseline stress dependent on age. Age was centered for all mixed-effects models (mean age
=73).

We then developed post-hoc models to probe the age*stress interaction term. Specifically,
given our primary aim was to examine moderators of the relationship between aging and
inflammation, we applied a median split to the Perceived Stress Scale (median = 9) to
separate participants into baseline “high” (n=520) or “low” (n=553) stress groups.
Additionally, given that the omnibus model included age as a time-varying parameter, we
aimed to disentangle the biological effects of age from the effects of study time on our
outcome. Therefore, we entered age at baseline (time invariant) and study time (years) as
separate parameters. Our final post-hoc models included baseline age, study time, their
interaction (baseline age*time), and covariates (sex, education, baseline GDS), predicting
monocyte/macrophage cytokine levels. Therefore, the main effect of age represented the
biological impact of age on the outcomes, time represented how monocyte/macrophage
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cytokine levels changed with time in study, and their interaction indicated how age impacted
the trajectories of monocyte/macrophage cytokines across time.

To support the clinical relevance of the monocyte/macrophage models, we examined the
relationship between monocyte/macrophage cytokines (time-varying) and cognition (time-
varying) across time (adjusting for baseline age, education, and sex) again via linear mixed-
effects modeling. Additionally, we aimed to test our full “double hit” hypothesis that stress
would potentiate age effects on inflammation, which would have a downstream negative
impact on cognition. Therefore, based on our post-hoc monocyte/macrophage models, we
developed parallel mediation models in the “high” and “low” stress groups (Perceived Stress
Scale median split = 9). Specifically, we examined the degree to which time-varying
monocyte/macrophage cytokines mediated the relationship between baseline age and time-
varying cognition in individuals reporting high or low baseline stress separately, adjusting
for sex, education, and baseline GDS. First, we estimated the Total Effect of baseline age on
time-varying cognition, adjusting for time, baseline age*time, sex, education, and baseline
GDS in each stress group. Second, we estimated the Direct Effect of baseline age on time-
varying cognition, adjusting for time-varying monocyte/macrophage cytokines, as well as
time, baseline age*time, sex, education, and baseline GDS in each stress group. Finally, we
estimated the indirect effect by assessing the proportion of the Total Effect of baseline age
on cognition that was explained when monocyte/macrophage cytokines was entered into the
model: 1 - [(direct effect) / (total effect)]. Bootstrapping package in STATA was used to
generate a bootstrap distribution for the percentage of attenuation (i.e., indirect effect) in
each stress group based on 1000 resamples to calculate a 95% confidence interval for the
indirect effect.

At baseline, older age was associated with higher monocyte/macrophage cytokine
concentrations (Spearman’s rho=0.43, n=298, p<0.001) and poorer cognitive performances
(CVLT-1 delayed recall Spearman’s rho=-0.23, n=355, p<0.001; executive functions
Spearman’s rho=-0.29, n=366, p<0.001; processing speed Spearman’s rho=0.30, n=260,
p<0.001), as expected, but was not significantly associated with perceived stress
(Spearman’s rho=0.03, n=298, p=0.60). Greater perceived stress was associated with slower
processing speed (Spearman’s rho=0.19, n=260, p=0.02), but was otherwise not significantly
associated with the other cognitive measures (CVVLT-11 delayed recall Spearman’s rho=0.01,
n=355, p=0.83; executive Spearman’s rho=-0.08, n=366, p=0.11) or the macrophage
composite (Spearman’s rho=0.07, n=298, p=0.23).

Longitudinal mixed-effects models demonstrated a significant age (time-varying) by
baseline stress interaction predicting changes in monocyte/macrophage cytokine levels
(baseline stress*age 6=—0.01, t(404)=2.2, p=0.03; see Table 2). To probe the interaction, we
applied a median split to baseline Perceived Stress Scale scores (median=9) and conducted
parallel mixed-effects models in “high” and “low” stress groups, separately. Additionally, to
disentangle the biological effect of age from the effect of time, we created a baseline age
parameter (time invariant) and a study time (years) parameter. The final post-hoc models
included baseline age, study time, their interaction (baseline age*time), and covariates of
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interest (sex, education, baseline GDS) predicting monocyte/macrophage concentrations. In
low stress individuals, there was only a negative main effect of baseline age on macrophage
levels (Model AIC=743.1, BIC=777.9; baseline age b=0.44, t(236)=7.7, p<0.001; time b=
-0.006, t(308)=-0.42, p=0.68; baseline age*time=-0.005, t(310)= —0.32, p=0.75). However,
in high stress individuals, there was a significant baseline age by time interaction (Model
AIC=658.6, BIC=693.0; baseline age b=0.20, t(183)=3.7, p<0.001; time b=0.02, t(248)=1.1,
p=0.26; baseline age*time b=0.03, t(248)=2.1, p=0.039; Table 2). Specifically, in high stress,
older baseline age was associated with disproportionately steeper elevations in macrophage
levels across time (Figure 2). Interpreting the effect sizes, at the average baseline age (73
years), individuals reporting high stress were estimated to demonstrate a 0.02 z-score
increase in macrophage cytokines each year, compared to a 0.006 z-score decreasein
macrophage cytokines in the low stress individuals. Importantly, the interaction term then
indicated that with each 1-year increase of age, there was a 2-fold elevation in macrophage
cytokine trajectories over time in the high stress adults. Directly comparing the interaction
parameters in the high versus low stress models, there was a 5.8-fold increased elevation in
macrophage cytokine trajectories per year in the high compared to low stress adults.

To clinically anchor the inflammatory biomarker results, longitudinal mixed-effects models
examining the relationship between changes in cytokines and changes in cognition were
conducted and demonstrated that increases in monocyte/macrophage cytokine levels were
associated with declines in executive functioning performances across time (Model
A/C=1074.5, B/IC=1106.4; macrophage composite 6=—0.07, t(718)= -2.44, p=0.02). The
relationship between changes in monocyte/macrophage cytokines and changes in CVLT-11
delayed recall or processing speed did not reach significance (CVLT-11: Model A/C=3243.2,
BIC=3274.9; macrophage composite £=—0.24, t(662)=-1.64, p=0.10; Processing Speed:
Model A/C=1361.5, B/C=1389.8; macrophage composite /=-0.11, t(371)=-1.29, p=0.20).

Finally, we developed parallel latent growth models (bootstrapped with 1,000 replications)
examining the mediating effect of monocyte/macrophage cytokines on the relationship
between age and executive functions in the high stress (PSS>9) and low stress (PSS<9),
separately. Only the mediation model in the high stress group was significant, demonstrating
that 19.1% of relationship of age on executive functions was mediated by age-related
changes in monocyte/macrophage levels (z=2.09, n=144, bootstrap p=0.036, 95%CI 0.01,
0.37), compared to 6.9% in the low stress group (z=0.91, n=151, bootstrap p=0.91, 95%ClI
-0.08, 0.22) (see Figure 3).

CONCLUSIONS

Higher perceived stress at baseline was associated with disproportionately steeper elevations
in monocyte/macrophage cytokine concentrations than expected for one’s age across time in
otherwise clinically normal aging adults. Additionally, not only did increases in monocyte/
macrophage cytokines track with decreases in executive functions over time, but monocyte/
macrophage cytokines partially mediated the relationship between age and executive
functions only in individuals reporting high perceived stress at baseline. Together, these
results support a pattern of “accelerated aging” of the immune systems in adults with higher
stress levels that may have measureable clinical ramifications on executive functioning
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performances. That is, the relationships among age, monocyte/macrophage inflammation,
and executive functions were more tightly coupled within the high stress group. Importantly,
all models were significant independent of mood (Geriatric Depression Scale), suggesting
some specificity of these effects to stress versus general affective state. Perceived stress
clearly impacts neurobehavior in aging~®, and our results suggest that this may at least be in
part associated with monocyte/macrophage-related inflammatory activation.

In aging, macrophage homeostasis shifts from a state of quiescence to primed activation,
ready to react to perceived threats or injury’. Indeed, we found overall higher concentrations
of monocyte/macrophage cytokines in older ages, and that stress appeared to be an immune
potentiator such that in high stress individuals there were even higher trajectories of
inflammatory cytokines across time than their same aged peers. Of course, the directionality
of these results warrants consideration. While we might hypothesize that stress triggers an
immune response, it is equally possible given the multiple feedback loops of the immune
system, that greater macrophage inflammation could instigate or further exacerbate
perceived stress8. Our data are among the first to probe markers outside of I1L-6 or TNF-a
(considered more non-specific master regulators) in the context of clinical stress. Inclusion
of MIP1-a and MIP1-B proteins may be more monocyte/macrophage-specific, supporting its
potential role in the human aging stress response. However, it is important to note that while
our a priori hypotheses and study model were developed around the role of monocyte/
macrophage activation, the cytokine markers we measured are not only specific to
macrophage functioning and we may, in fact, be capturing other important pathways in the
heterogeneous picture of aging immunosenescence. Though all cytokine markers measured
are produced by macrophages and further feedback to potentiate macrophage activation,
each then also instigates activation of a host of other cell types not specific to monocytes
(e.g., neutrophils, NK cells) both within the innate and also adaptive immune system31:36.37,
Additionally, age-related deficits in other non-monocyte cells, such as lymphocytes (e.g.,
NK cells), directly communicate with monocytes/macrophages resulting in alterations in
cytokine release20:23.24 Therefore, it is possible that our results may be reflecting the effects
of stress on age-related changes in immunosenescence more broadly. Nonetheless, ours are
among the first data to support an age-related accelerated immune activation related to stress
in humans, and begins to translate important inflammatory-stress animal models into the
clinical realm.

We also found that greater monocyte/macrophage activation tracked with worse executive
functioning performances across time, and that monocyte/macrophage activation partially
mediated the relationship between age and executive functions only within adults reporting
high stress levels. These findings begin to support that concept the potentiating effects of
stress on age-related inflammation trajectories may have important clinical correlates in
humans. Specifically, among individuals with higher levels of baseline perceived stress, the
relationships among age, monocyte/macrophage inflammation, and executive functions
appeared more tightly intertwined -- 19% of the relationship between age and executive
functions was explained through our inflammatory markers. On the other hand, in low stress
individuals, the mediation model was not significant and only ~6% of the relationship
between age and executive functions appeared to be mediated by the inflammatory markers.
While macrophages are first-line immune proteins found throughout the body and we
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measured inflammation peripherally, given their ability to signal across the blood-brain
barrier, clear expression in the CNS#1, and our demonstrated relationship with cognition, it
is tempting to extrapolate the importance of our findings to brain health. Within the CNS,
microglia are the resident macrophages that support phagocytosis of unwanted cell debris?2.
While their role actively surveying synapses and dynamically reacting to neural transmission
facilitates developmental synaptic pruning, recent theories have begun to posit that
dysfunction of these glial processes in older age may result in aberrant pruning and possibly,
trigger neurodegenerationl®42, In the context of our findings, stress may increase already
heightened microglial reactivity, resulting in overactive phagocytosis that may be come
cytotoxic (e.g., indiscriminate “pruning”), and contribute to poorer CNS functioning.

These data are also commensurate with ongoing literature demonstrating the detrimental role
of stress on accelerated prefrontal atrophy and executive dysfunction in humans38,
Prefrontal regions are also the neural networks that undergo the most significant changes in
aging, including reduced synaptic density, desynchronized neural activation, and overt
atrophy, and are vulnerable to Alzheimer’s pathology aggregation. Taken together, stress
may play a potential moderating role in less optimal and even pathologic brain aging
trajectories and therefore be a largely modifiable and high impact intervention target.
Initiation of empirically-based behavioral therapies for stress, such as Mindfulness-Based
Stress Reduction*344, appear highly warranted in individuals experiencing stress in aging
which may directly moderate inflammation trajectories, and downstream, benefit cognition.

These data are not without limitations. Namely, while our primary question of interest
centered on age-related CNS immune and macrophage functioning, we measured
inflammatory cytokines peripherally and these cytokines are involved in multiple pathways
involving but also extending beyond macrophages. Notably, the measured cytokines reliably
demonstrate the ability to cross and signal across the blood-brain barrier?8-30, and our recent
work suggests that at least one of our more macrophage-specific markers, MIP1-B, is
significantly correlated in plasma and cerebrospinal fluid (r=0.55)41. Additionally, we
demonstrated that our macrophage cytokine composite was associated with clinically
relevant CNS functioning (i.e., cognition). Nonetheless, the global, non-specific effects of
systemic inflammation/immunosenescence may likely also be contributing to and playing a
role in the observed effects. In addition, though ours is among the first studies to specifically
examine stress in the context of macrophage-related cytokines in humans and did so
longitudinally, our longitudinal data are limited by the number of observations. Given that
the median number of visits was 2 and only 46% had >2 time-points, our ability to detect
change may have been limited by power and we were less able to model other nonlinear
trajectories across time. Lastly, though our perceived stress scale has been widely validated
and used to examine the effects of age-related stress previouslyl’, it is subjective (vs.
cortisol levels) and intended to measure negative and “out of control” stress. While stress
that is perceived to be out of one’s control is consistently associated with worse CNS
outcomes, low levels of (self-perceived) controlled stress may actually be beneficial for
challenging the immune system and brain#>46. Future works that appreciate the full
spectrum of stress, both positive and negative, on the aging brain are highly warranted to
optimally shape treatment approaches and clinical recommendations.
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In sum, higher perceived stress appears to accelerate the detrimental effects of aging on
macrophage-related cytokine trajectories, supporting the “double hit” hypothesis. These
inflammatory trajectories also importantly mediate the relationship between age and
executive functions in high, but not low stress individuals. These data begin to support that
this effect may be related to monocyte/macrophage pathways in humans, and critically
underscore the importance of stress-based interventions even in clinically normal aging.
Mindfulness-Based Stress Reduction and other stress-related therapies (e.g., physical
exercise) are highly warranted as primary and secondary prevention interventions in brain
aging. Continued identification of the biological targets underlying behavioral aging
phenomena have the potential to better refine and enhance the neural potency of intervention
strategies to support the growing aging population and prevent neurodegeneration.
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Highlights

. Stress and aging are associated with macrophage and microglia activation in
animals.

. High stress adults demonstrated accelerated age-related macrophage cytokine
elevations.

. Macrophage cytokines mediated the relationship between age and cognition
in high stress adults.

. Stress interventions may target age-related inflammation to benefit cognition

in aging.
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Significance

We demonstrate accelerated elevations in age-related macrophage cytokine in otherwise
healthy adults, and that these elevations mediate changes in age-related executive
functions across time. Our data are the first to support a potential macrophage-specific
role to the relationship between stress and cognitive aging in humans. Macrophage
activation is importantly implicated in aberrant synaptic pruning and neurodegeneration.
These findings support early stress-based therapies to alter immune and cognitive aging
trajectories.
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Figure 1.

Aftrition: N=2

Older adult participants included in the current study pulled from the larger UCSF Healthy

Cognitive Aging Network.
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Figure 2.

Baseline age interacts with time to predict accelerated monocyte/macrophage cytokine
trajectories only among adults with high (panel A) but not low (panel B) baseline perceived

stress. Error bars represent 95% confidence intervals.
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Figure 3.
Monocyte/macrophage cytokine levels significantly mediate the relationship between age

and executive functions only among adults with high, but not low baseline perceived stress.
Note. Test statistics reflect latent growth curve bootstrapped mediation models (1,000
replications) adjusted for time, sex, education, and GDS at baseline. b = slope coefficient
and p = bootstrapped p-value. High Stress model n=144 with 329 observations; Low Stress
model n=151 with 352 observations.
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Baseline study participant demographic and clinical characterization.

Table 1

Mean (SD) or Median (IQR)

Study Visits

Cumulative Years Followed
Age, years

Sex, % female

Education, years

IL-6

TNF-a

MIP1-a

MIP1-B
Geriatric Depression Scale
Baseline Cognition
MMSE

Executive composite, z-score

Perceived Stress Scale, total score

Plasma Inflammation Markers (pg/mL)

CVLT-II Long delay free recall, raw score

Processing Speed composite, z-score

2.5(1.5) (range: 1, 8)
2.8 (2.5) (range: 0, 7.8)
73.3(6.8)

55.6%

17,5 (2.1)

9.5 (5.4) (range: 0, 26)

0.83 (0.69)
2.6 (0.85)
14.7 (7.0)
61.9 (29.9)
2(0,4)

29 (29, 30)
11.7 (3.1)
0.8(0.6)
2.4(13)

Note. MMSE = Mini-Mental State Examination; CVLT-II = California Verbal Learning Test, second edition.
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